The question of how intensive motor training restores motor function after brain damage or stroke remains unresolved. Here we show that the ipsilesional ventral premotor cortex (PMv) and perilesional primary motor cortex (M1) of rhesus macaque monkeys are involved in the recovery of manual dexterity after a lesion of M1. A focal lesion of the hand digit area in M1 was made by means of ibotenic acid injection. This lesion initially caused flaccid paralysis in the contralateral hand but was followed by functional recovery of hand movements, including precision grip, during the course of daily postlesion motor training. Brain imaging of regional cerebral blood flow by means of H 2
Introduction
Rehabilitative training can promote recovery of motor deficits in stroke patients, but the mechanisms underlying the recovery are not fully understood. This is partly due to the difficulty in controlling for the variability of stroke lesions and the disabilities they cause. Experimental animal studies, which allow for these factors to be controlled, provide information essential for understanding the underlying brain mechanisms of functional recovery from brain damage. In particular, in the field of motor recovery, lesioning of the primary motor cortex (M1) in nonhuman primates is a well-established experimental technique (Glees and Cole, 1950; Travis, 1955; Passingham et al., 1983; Nudo et al., 1996; Friel and Nudo, 1998; Liu and Rouiller, 1999 ; for review, see Vilensky and Gilman, 2002; Dancause et al., 2005) .
Several studies have shown that functional and structural reorganization in a part of the undamaged brain may be involved in training-induced functional recovery after focal damage to M1 (Nudo et al., 1996; Frost et al., 2003; Dancause et al., 2005) . These prior studies, however, assessed reorganization in only a limited part of the brain by using intracortical microstimulation (ICMS) under ketamine sedation or by performing anatomical analysis with a tracer injection in squirrel monkeys.
We recently reported that, when rhesus monkeys given a lesion of the M1 digit area were trained for a particular set of motor tasks, they exhibited gradual recovery of dexterous hand move-ments (Murata et al., 2008) . We used rhesus macaques because, among nonhuman primate species, they are more comparable with humans with respect to the anatomical structures of the motor cortex and corticospinal tract than are other monkeys used in experimental research (e.g., squirrel monkeys and marmosets) (for review, see Courtine et al., 2007) . This motor system homology with humans, in combination with the relatively large macaque brain, makes imaging data obtained in rhesus monkeys comparable with those examined in clinical research. Therefore, studying the rhesus monkey can facilitate the translation of findings to human patients.
The aim of the present study was to demonstrate functional reorganization of brain activity in M1-lesioned macaque monkeys and to relate this to the performance of dexterous hand movements, a motor function that is important in human healthrelated quality of life. We assessed whole-brain regional cerebral blood flow (rCBF) as an index of brain activity by using H 2 15 Opositron emission tomography (PET) scans during performance of precision grip in awake and behaving animals. To confirm that the areas identified by PET were causally related to the recovered behavior, we further performed a study in which we pharmacologically inactivated each region whose increase in rCBF was positively correlated with the recovered behavior by using muscimol, a GABA A receptor agonist. Thus, we confirmed whether local inactivation of the positive regions identified by PET imaging would redisable the recovered hand movements as assessed by the precision grip task.
Materials and Methods
Subjects. Four male rhesus monkeys (Macaca mulatta) were used in the PET imaging and inactivation studies (Table 1) . Before the lesion, the monkeys underwent prelesion training that involved a small-object retrieval task, and topographic motor maps of M1 and the ventral premotor area (PMv) were constructed by using ICMS. Ibotenic acid was then injected to destroy the digit region of M1. Flaccid paralysis in the contralateral hand caused by the M1 lesion functionally recovered during 1 month of daily postlesion motor training (see Fig. 1 A, B) . A series of PET scans was conducted in two monkeys (Re and Hw). Two time periods were selected to investigate the time-dependent compensatory mechanisms involved. Flaccid hand paralysis occurred after ibotenic acid lesion of M1, and dexterous hand movements, including precision grip, became considerably restored during the first month after M1 lesion (see Fig.  1A ). The period 1-2 months after lesion, which is when the mean success rate was below the 95% confidence level for prelesion performance, was selected as the period just after recovery (i.e., the early postrecovery period) (see Fig. 1B ). The period 3-4 months after lesion, which is when Ͼ1 month had passed after the mean success rate increased to within the 95% confidence level, was selected as the plateau phase of recovery (i.e., the late postrecovery period). We did not perform PET imaging during the very early recovery period (Ͻ1 month after lesion) because behavioral performance during this period was so severely impaired that behavior-related activities were unlikely to be detected at sufficient resolution by the current PET system. Thus, the earliest PET study was performed when the behavior level was almost restored (1-2 months after lesion) so that behavior-related brain activity could be robustly assessed. Furthermore, in two other monkeys (Ja and Ki), a pharmacological inactivation study with muscimol was performed in three experimental periods identical to those in which PET imaging was performed to confirm that the areas identified by PET were causally related to the recovered behavior. In addition, one male monkey was used to determine the extent of muscimol spread. No statistical methods were used to predetermine sample sizes. We attempted to minimize the number of monkeys used on the basis of ethical considerations and data similarity; our sample sizes are similar to those reported in previous publications by our group and others. The monkeys were Ն4 years of age and purchased from a local provider. The animal use protocol was approved by the Institutional Animal Care and Use Committee of the National Institutes of Natural Sciences and the National Institute of Advanced Industrial Science and Technology, Japan. The monkeys were housed in adjoining individual primate cages (width, 750 mm; length, 950 mm; height, 930 mm) allowing social interactions under controlled conditions of humidity, temperature, and light; they were monitored daily by the researchers and animal care staff to ensure their health and welfare. The housing area was maintained on a 12 h light-12 h dark cycle, and all of the experiments were conducted during the light cycle. Environmental enrichment consisted of commercial toys. A commercial primate diet and fresh fruit and vegetables were provided daily, and water was provided in a drinking bottle and freshened daily. We used naive monkeys without any history of experimentation. Adequate measures were taken to minimize pain or discomfort in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
Lesion induction. An artificial lesion was induced in the hand digit area of M1 by using the same procedure as that used in our previous study (Murata et al., 2008) . Topographic motor maps of M1 and PMv were constructed by using ICMS. Under sterile conditions and pentobarbital anesthesia (25 mg/kg), a craniotomy was made over M1 and PMv, and a stainless steel chamber and head holders were then affixed to the skull with dental acrylic. ICMS was conducted under ketamine anesthesia, with the rate of ketamine infusion adjusted to maintain relatively stable anesthesia. A flexible tungsten microelectrode (MicroProbe) was advanced perpendicular to the cortical surface to a depth of 5-15 mm at intervals of 500 m by using a hydraulic microdrive. A conventional ICMS technique (1-100 A, 200 s in duration, 12 pulses, monophasic cathodal pulses at 333 Hz) was used to evoke movement at each electrode penetration site. Electrophysiological recording was also conducted to determine the border between the primary motor and sensory areas by using a head amplifier (JH-110J, Nihon Kohden) and main amplifier (MEG-5100, Nihon Kohden); the sensory response was investigated by applying light tactile stimuli to the face, digit, wrist, and forearm of the monkey with a small hand-held brush. We defined the digit region of M1 as a 2 mm square of cortical surface centered on the penetration site that satisfied at least one of the following criteria: (1) digit movements were obtained at a current lower than 10 A, or (2) digit movements were obtained while the movements of the other body parts were not obtained with the lowest threshold current, and the current was Ͻ20 A. Ibotenic acid (15 g/l in 0.1 M PBS, pH 7.4; 7.0 -9.9 l) was then injected intracortically to destroy the digit region of M1 contralateral to the preferred hand. Multiple injections were used to spread ibotenic acid throughout the digit region, with 0.8 -1.0 l injected at a rate of 0.2 l per minute at each injection site (8 -10 injection sites for each monkey). Daily hand performance before and after lesion was evaluated by means of a smallobject retrieval task.
Determination of lesion volume. Lesion locations were also determined by using the same procedure we used in our previous study (Murata et al., 2008) . Briefly, animals were perfused through the ascending aorta with 0.5 L of ice-cold saline containing 2 ml (2000 U) of heparin sodium followed by ice-cold fixative containing 4% PFA and 0.1% glutaraldehyde. Brain segments were sectioned coronally at a thickness of 16 m on a cryostat (Cryocut 3000, Leica) and then Nissl-stained with cresyl fast violet. Images of the Nissl-stained sections were photographed under an Olympus BX60 microscope by using a 3CCD color video camera (DXC-950, Sony) and then digitized with an image analysis system (MCID, Imaging Research). The lesioned area was defined as the area of gliosis as shown by Nissl staining, and unbiased volumes of the lesioned region and the M1 digit region were calculated based on Cavalieri's principle (Mayhew, 1992) . Behavioral tests. Performance of hand movements was evaluated daily by means of a smallobject retrieval task closely resembling that used in our previous studies (Nishimura et al., 2007; Murata et al., 2008; Higo et al., 2009) . In this task, the monkeys either retrieve a small piece of sweet potato (7 ϫ 7 ϫ 7 mm in size) through a narrow vertical slit (10 mm in width), or grasp a small knob (7 ϫ 7 ϫ 7 mm in size) on a disk (20 mm in diameter) attached to a piece of sweet potato, which they retrieve through a narrow vertical slit (10 mm in width) by using both the index finger and thumb. The test session to evaluate hand performance consisted of 20 trials. In addition, the monkeys underwent daily postlesion training after the M1 lesion for Ͼ30 min a day, 5 days a week, by using the retrieval task. Moreover, during the postlesion training period (from day 1 to ϳ1 month, days 28 -35, after the M1 lesion), the monkeys wore a jacket (Alice King Chatham Medical Arts, or Lomir Biomedical) with a dead-end sleeve covering the unaffected hand, forcing them to use the affected hand, as in our previous studies (Murata et al., 2008; Sugiyama et al., 2013) . This method resembles that used in constraint-induced movement therapy, which has been widely adopted in the rehabilitation of stroke patients (Taub et al., 2002) . Grip movement was recorded by using a CCD camera (XC-HR50, Sony) and Windows Live Movie Maker 2011 (Microsoft) was used for video analysis.
PET scanning. PET scanning was performed as described previously (Nishimura et al., 2007) with some modifications. A series of PET scans was conducted during the prelesion, early postrecovery (1-2 months after the M1 lesion), and late postrecovery periods (3-4 months after the M1 lesion). The monkeys were intensively trained, both outside and inside the PET scanner, to be seated on a monkey chair and perform the small-object retrieval task at a constant pace (once every 5 s). In addition, they were trained on a control task, in which the food piece was stuck on the tip of a rod and given to their mouth through a long tube with the same frequency and trials as in the precision grip task but with both arms restricted.
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O-PET scans were performed with a 3D mode acquisition by using a high-resolution animal PET scanner (SHR-7700, Hamamatsu O-PET imaging (Mk-Re and Mk-Hw) and inactivation analyses (Mk-Ja and Mk-Ki). A successful trial was defined as the removal of the object by using the precision grip between the tip of the index finger and thumb. Shaded gray region represents the 95% confidence interval for prelesion performance. Filled circles and triangles above the x-axis represent the days on which PET scans during the early postrecovery period were performed for Mk-Re and 4 Mk-Hw, respectively. Open circles and triangles represent the days on which PET scans during the late postrecovery period were performed for the corresponding animals. C-E, A Nisslstained section of Mk-Ki showing a representative lesion of M1. Ibotenic acid injection in M1 resulted in loss of neurons and gliosis (D), whereas the neighboring primary sensory area (S1) remained intact (E). Dotted lines indicate the boundaries between the normal and lesioned areas. We defined the lesioned area as the area of gliosis, as in our previous study (Murata et al., 2008) . CS, Central sulcus. Scale bars: C, 1 mm; D, E, 100 m.
Photonics). The transaxial resolution of the PET scanner was 2.6 mm at full-width half-maximum. The monkey was seated on a monkey chair in the PET scanner without anesthesia. PET scans were performed in an upright sitting position in a scanner that was tilted at 80°from the vertical position to expand the view of the monkey. A 30 min transmission scan was obtained with a rotating 68 Ge-68 Ga pin source to evaluate the relative attenuation factor for image reconstruction. After the delivery of a bolus of H 2 15 O (ϳ300 MBq in 1.5 ml followed by 1.0 ml of saline) via a cannula placed into the sural vein, the scan was initiated automatically when the radioactivity in the brain was Ͼ30 kcps. The monkey was allowed to begin the behavioral task (20 trials) ϳ10 s before the start of the PET scan. During the scan, the monkeys performed a series of reachgrip-retrieve-eat movements consisting of 20 trials, each of which was initiated with 5 s intervals. In addition, brain activation during the control task was also recorded in separate sessions randomly mixed with sessions of the precision grip task. PET data were collected for 80 s (one 40 s frame followed by four 10 s frames). During the scanning session, the movements of the monkey were continuously video-recorded. If the monkey did not start from the fixed starting point, or did not start reaching immediately (within Ͻ15 frames ϭ 500 ms) after presentation of the food, or did not move the hand directly to the food piece, the data from the session were excluded from the analysis. Approximately 20 PET scans were performed per day with an interscan interval of ϳ15 min. PET experiments were conducted twice a week. The PET data within each experimental period, prelesion (47 scans for Mk-Re, and 55 scans for Mk-Hw), early postrecovery (47 scans for Mk-Re, and 47 scans for MkHw), and late postrecovery periods (51 scans for Mk-Re, and 54 scans for Mk-Hw) were merged and then processed as detailed previously (Nishimura et al., 2007; Hayashi et al., 2013) O-PET. The rCBF during the control task was subtracted from that during the precision grip task. Brain areas with significantly increased rCBF ( p Ͻ 0.05, corrected for multiple comparisons in two monkeys) are superimposed on a macaque monkey brain MRI template. The significance level is given in terms of a Z score represented on a color scale. Top row, Views from both hemispheres contralateral and ipsilateral to the hand used in the precision grip task. Bottom row, Coronal sections at the level of lines shown in the inset. AIP, Anterior intraparietal cortex; Cb, cerebellum; PMd, dorsal premotor cortex. B, C, Activation during early (B) and late (C) postrecovery periods (rCBF during the precision grip task Ϫ rCBF during the control task) was compared with that during the prelesion stage. Blue areas represent histologically confirmed lesions. B, C, Double arrowheads in the top row indicate the same subregions of the PMv; these subregions showed increased activation during the early but not late postrecovery periods. The rCBF was related to functional recovery during both the early and late postrecovery periods compared with that during the prelesion stage. Z scores of the peak voxels are indicated. The locations are indicated by the positions along the x (ipsilateral-contralateral), y (rostrocaudal), and z (dorsoventral) axes of the Horsley-Clarke stereotaxic coordinates. Cb, Cerebellar cortex; contra, contralesional hemisphere; ipsi, ipsilesional hemisphere; PMd, dorsal premotor area; S2, secondary somatosensory area; TEO, area TEO; V4, fourth visual area.
with a 3.0 Tesla MR scanner. Whole-brain MRI images were obtained during the prelesion and postlesion periods to which the PET data obtained during the corresponding two periods were coregistered and spatially normalized. We also confirmed that distortion of the brain structure induced by the ibotenic acid lesion was negligible. Analysis of PET scan data. The PET data were processed as described previously (Nishimura et al., 2007; Hayashi et al., 2013) with some modifications. PET images obtained from scan sessions that satisfied the behavioral criteria were summated for their first 60 s epochs (including task performance of 12 trials) and were used for statistical analysis. The reconstruction was performed on projection data, after which images were corrected for attenuation by using a transmission scan with a 4.0 mm Hanning filter. The voxel size in the reconstructed brain images was 1.2 ϫ 1.2 ϫ 3.6 mm. Forty scans were conducted in both tasks for every stage. PET data were processed by using FMRI Expert Analysis Tool Version 5.98, which is part of the FMRIB Software Library (www.fmrib.ox.ac. uk/fsl). We first corrected the data of each animal for motion by using the FMRIB Linear Image Registration Tool (MCFLIRT) (Jenkinson et al., 2002) . We performed independent component analyses using Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) to remove noise components, such as radioactivity accumulation in the temporal and posterior neck muscles, because either may affect intrabrain radioactivity by the partial volume effect. Nonbrain structures were removed by using the Brain Extraction Tool . The data were merged into 4D data at each stage for each animal.
Subsequently, first-level statistical analysis was performed on the 4D data by using the GLM to identify brain areas that showed higher rCBF signals during the precision grip task. The design matrix modeled regressors for the block of the precision grip task and control task along with a regressor for the global values of rCBF for each volume. The contrast of interest was precision grip task Ͼ control task, and the resulting statistical map was spatially normalized to study standard macaque space by using transformation matrices determined from structural MRI data. These contrasts were then applied to higher-level fixed-effect analyses in each animal for the average effect of prelesion, as well as for the effect of stage (preoperative stage Ͻ early postrecovery period or preoperative stage Ͻ late postrecovery period), to detect the functionally enhanced activity that may be related to recovery of the precision task. This approach was adopted previously in human studies and found to be causal for functional compensation by using a sequential virtual-lesioning technique (Lee et al., 2003) . We then combined each contrast across subjects for testing mixed effects. Statistical analyses were performed by using the FMRIB Improved Linear Model (Woolrich et al., 2001) , and Z (Gaussianized T/F) statistic images were thresholded by using clusters determined by Z Ͼ 2.3 and a corrected cluster significance threshold of p ϭ 0.05 (Worsley et al., 1992) .
Next, psychophysiological interaction (PPI) analysis was performed to localize changes in activity correlated with that of the M1 hand area, including the lesion site. This approach, which looks for functional connectivity seeding from a dysfunctional area, was motivated by previous work demonstrating potential compensatory areas after virtual lesioning in the human brain (Lee et al., 2003; O'Shea et al., 2007; Hayashi et al., 2013) . Therefore, an ROI was placed in the core of the M1 hand area (x ϭ 18.3, y ϭ 15.7, z ϭ 27.1, 249 voxels, 31.1 mm 3 ) determined based on a functional ICMS map of the hand area (see Fig. 5A ). This area was colocalized with the task-induced activation in the preoperative stage and also confirmed to lose a certain percentage of neurons as described in Results. The first-level design matrix for the PPI analysis included three regressors: those for the main effects of the precision grip task (P) and activity in lesioned M1 (L), as well as one for the psychophysiological interaction (PPI-P) comprising an interaction term between L and P. Additional regressors for the block of the control task (C), its PPI (PPI-C, the interaction between L and C), and estimated motion parameters were also entered as confounds. Our contrast of interest was PPI-P (i.e., the interaction between the effect of precision grip task and activity of the M1 hand area, including the lesion site). The results of the first-level PPI were further fed into a higher-level within-subject fixed-effect analysis for the factorial effects of M1 lesion on the first-level contrasts and then into a random-effects analysis across subjects. We report peaks meeting a threshold of Z Ͼ 2.3 ( p Ͻ 0.01, uncorrected for multiple comparisons, one-tailed) and a cluster extent of 30 voxels. A spherical ROI in the perilesional M1 centered on peaks of clusters was thus identified. The mean %rCBF signal change in the ROI was calculated for the precision grip task. These values were plotted against the equivalent values for the M1 hand area, including the lesion site (seed region), and regression lines were fitted to the data prelesion and during the two postrecovery periods for the purpose of visualizing the PPI effects.
Inactivation study. The topographic maps constructed before the lesion were used to determine the injection sites. Unit recordings and ICMS were performed with a microelectrode at the site chosen for the injection to confirm the depth in the gray matter. The microelectrode was then withdrawn and replaced by a stainless steel microsyringe (MS-05, Ito). Muscimol, a GABA A receptor agonist (Sigma; 5 g/l, dissolved in 0.1 M phosphate buffer at pH 7.4), was slowly injected with pressure at a rate of 0.2 l per minute by using an automatic microinjector (IMS-10, Narishige). Although we performed systematic ICMS mapping during the postrecovery periods after lesioning M1, the threshold for inducing body movements increased in many penetrations in the perilesional area, and ICMS up to 100 A did not elicit any hand movement in the ipsilesional PMv, as we have reported in a recent study . Accordingly, we decided to inject muscimol into the center of the digit area at the preoperative stage using the same coordinate system for the hand digit area of the ipsilesional M1 (M1-h) and the hand digit area of PMv (PMv-h). Muscimol solution (3 l) was injected into a single injec- tion site for M1, in which ICMS elicited digit movements with the lowest threshold. Multiple injections were performed for PMv-h, in which 1.5 l of muscimol solution was injected into four sites (2 tracks ϫ 2 depths, spaced at 3 mm intervals and centered on the locus with the lowest ICMS threshold for digit movements among PMv). The depth of the injection was determined as the point where the movement threshold of ICMS was the lowest. Multiple injections were also performed for the PMv rostrolateral to the hand area (PMv-rl), the lateral bank of the lower arcuate sulcus, and the adjacent convexity region 3 mm rostral to PMv-h.
The effects of muscimol injection on hand performance were evaluated by using a small-object retrieval task (precision grip task) as described above. The test session to evaluate hand performance, which consisted of 20 trials, was conducted 30, 60, and 120 min after the muscimol injection. Only the results of the test at 120 min after the injection are shown in Figures 5 and 6B , C because the effect was largest at this time point. The success rate of the precision grip in the task was evaluated by using video analysis. A successful precision grip was defined as a grip in which the tip of the index finger and thumb were both used to retrieve the object, whereas alternate grips were those in which the dorsal part of the index finger, thumb, or middle finger was used. Another type of alternate grip was also observed in which the monkeys raked the object out of the slit by using a single digit. A blind procedure was used to evaluate the success rate of the precision grip; captured video images of monkeys retrieving the object were judged as a success or failure by viewing the images with a lack of knowledge regarding the experimental conditions. The inactivation study for each injection site was performed with an interval of Ͼ2 d because the effects of muscimol may persist until the day after the injection. Despite this precaution, slight deficits in hand movements were observed before the injection in 7 of the 30 muscimol injection experiments, and behavioral performance levels were below the 95% confidence level in each recovery period. This may be because the effect of muscimol remained for Ͼ2 d. Even when the level of performance before muscimol injection is low, the areas affected by the drug are thought to be causally related to behavioral performance if it is significantly impaired by a muscimol injection. However, the effects of muscimol inactivation may be underestimated when a muscimol injection results in a slight but statistically nonsignificant deficit in behavioral performance. The result of Mk-Ki in ipsilesional PMv-h during the late postrecovery period (see Fig. 5B ) is consistent with this latter case, suggesting that statistically significant effects of the muscimol injection might have been overlooked in this experiment under the present experimental conditions. Because of the possible lingering effect of muscimol, Z scores of the peak voxels are indicated. The locations are indicated by the positions along the x (ipsilateralcontralateral), y (rostrocaudal), and z (dorsoventral) axes of the Horsley-Clarke stereotaxic coordinates. Amg, Amygdala; Cb, cerebellar cortex; contra, contralesional hemisphere; ipsi, ipsilesional hemisphere; PMd, dorsal premotor area; Put, putamen; S1, primary somatosensory area; V1, area V1; 7op, parietal operculum.
we decided not to perform both PET imaging and muscimol injection studies in the same monkeys. Injection of saline into each muscimol injection site, both before and after the M1 lesion, did not result in any deficit of hand movements (data not shown).
Fluorescent muscimol (BODIPY TMR-X-conjugated muscimol, Invitrogen) was used to determine the extent of the spread of muscimol. The area affected by an injection of muscimol can only be verified conclusively by directly monitoring neuronal activity during the period of (PMv-h,B) , the PMv area rostrolateral to PMv-h (PMv-rl,C), or the hand digit area of M1 (M1-h,D) . The success rates of precision grip in two monkeys before the M1 lesion and during the early and late postrecovery periods after the lesion are shown. Muscimol injections into both the ipsilesional PMv-h and PMv-rl in the early postrecovery period resulted in a significant deficit in performing theprecisiongripinbothmonkeys.*pϽ0.01(Fisher'sexacttest).**pϽ0.001(Fisher'sexacttest).***pϽ0.0001(Fisher'sexacttest).Inthelatepostrecoveryperiod,muscimolinjectionintoeitheroftheareas (Monkey[Mk]-Ja,PMv-h;Mk-Ki,PMv-rl)resultedinadeficitoftheprecisiongrip.E,TheeffectsofinactivatingtheipsilesionalM1-hontherateofuseofanalternategrip(i.e.,typesofgraspingotherthanprecision grip).Inactivatingtheprimarymotorcortex(M1-h)duringthelatepostrecoveryperiodresultedintheimpairmentofmovementsthatdependheavilyondistaldigits,suchastheprecisiongrip,whereasproximal movements remained intact. Muscimol injection into the ipsilesional M1-h during the late postrecovery period impaired precision grip but, in contrast to that before lesion, did not impair whole-hand grip in either monkey. Consequently, the monkeys retrieved the object by using an alternate grip, in which the object was held between the thumb and around theproximal joint of the index finger. Inset photograph, An example of the alternate grip in Mk-Ki. F, Serial coronal sections of M1 spaced by 0.8 mm showing the extent of diffusion of 3.0 l fluorescent muscimol. Arrowheads and double arrowheads indicate the locations of the cortical surface and the boundaries between the gray and white matter, respectively. GM, Gray matter; WM, white matter. Scale bars: A, 2 mm; F, 1 mm. inactivation within the same animal. However, the technical hurdles involved in such an experiment are extremely high. Therefore, as the next best option, we estimated the extent of inactivation due to an injection of muscimol by evaluating the spread of fluorescent muscimol injected in a separate monkey. The same concentration (5 g/l, dissolved in 0.1 M phosphate buffer at pH 7.4) and volumes (1.5 or 3.0 l) as used in the behavioral experiments were injected into the M1 of another monkey. The monkey was perfused as described above, and the extent of diffusion was assessed in coronal sections (see Fig. 5F ) by using a fluorescence microscope (BZ-8100, Keyence).
Statistical analyses. Statistical significance was assessed by Fisher's exact test (see Figs. 5 and 6), a nonparametric test. All of the tests were performed two-sided.
Results

Behavioral results
Before the lesion, all of the monkeys smoothly performed the precision grip task shown in Figure 1A . Ibotenic acid injection in the M1 hand digit area resulted in a focal lesion in which there was loss of neurons and gliosis (Fig. 1C,D) ; the average percentage of lesion volume for the whole M1 digit area was 74.5 Ϯ 7.6% (Table 1) . Immediately afterward, a lesion of the hand digit area in M1 (Fig. 1C-E) was made by ibotenic acid injection, the monkeys could not perform a small-object retrieval task because of hand paralysis, including a complete loss of digit movement (Fig.  1A) . Functional recovery of hand movements was observed during the course of daily postlesion training on the precision grip task. Specifically, the number of successful trials in the precision grip task progressively increased during the first month after the lesion (Fig. 1 A, B) .
PET imaging study
We performed a PET brain imaging study to reveal the changes in brain activity that potentially underlie recovery of the precision grip. By scanning the animals' brains by using H 2 15 O-PET while they performed the retrieval task, we evaluated the regional cerebral activation that was related to performance in the precision grip task in the same animals at three stages: prelesion, early postrecovery, and late postrecovery periods. Before the lesion, task-related increases in rCBF were found in the putative hand area of M1 contralateral to the used hand and in other areas, including the contralateral anterior intraparietal area and ipsilateral cerebellum ( Fig. 2A; Table 2 ).
PET scans after recovery of precision grip confirmed that taskrelated activation in the putative M1 hand area was reduced by the lesion (Fig. 3) , whereas other cortical regions, such as the PMv, showed enhanced activation (Figs. 2B and 3; Table 2 ). Indeed, comparison of task-related activity at the early postrecovery period (1-2 months after the M1 lesion) with that observed before the lesion revealed that such activity increased in clusters located in the bilateral PMv (Figs. 2B and 3) . The clusters in both the ipsilateral and contralesional PMv were extended along the lower arcuate sulcus (for the location of the sulcus, see Fig. 5A ), being located at the lateral bank of the lower arcuate sulcus and the adjacent convexity region (Fig. 2B, double arrowheads) . Increased task-related activity at this stage was also found in other brain areas, including the secondary somatosensory area (S2) of the contralesional hemisphere and the bilateral cerebellum (Table 2). Comparison of task-related activity in the late postrecovery period (3-4 months after the M1 lesion) with that before the lesion revealed a prominent increase in the activity of the cluster in the ipsilesional but not contralesional PMv (Figs. 2C and 3; Table 2 ).
Another possible compensatory change in the perilesional M1 was suggested from the results of PPI analysis (Fig. 4) . The peak of the PPI effect was located rostromedial to the lesion area; the distance between the peak and the center of the lesion was 3.6 mm and 3.8 mm for the early and late postrecovery periods, respectively (Fig. 4 A, B, arrows) . The PPI effect in the perilesional M1 was more prominent during the late postrecovery period than during the early postrecovery period (Fig. 4; Table 3 ). The prominent PPI effects during the late postrecovery period were also observed in the ipsilesional putamen and contralesional cerebellum, which may function in coordination with the perilesional M1 (Table 3) .
Pharmacological inactivation study
To confirm whether the changes in brain activity in the PMv and perilesional M1 shown by the PET imaging study are causally involved in the recovery of manual dexterity, we performed another experiment using pharmacological inactivation. If a causal relationship exists, inactivation of these areas should result in the loss of recovered motor function. To test this conjecture, we performed focal and transient inactivation of a target cortical region by microinjecting muscimol, a GABA A receptor agonist.
PMv-h was defined as the cortical region where ICMS elicited hand movements. The effects of muscimol injection (5 g/l, 4 injection sites, 1.5 l each) in this region before and after the M1 lesion were compared. Moreover, we investigated the effects of muscimol injection into the PMv-rl (Fig. 5A) , in which ICMS elicited no movement, because involvement of this area, including the lateral bank of the lower arcuate sulcus and the adjacent convexity region, was suggested by the results of PET imaging (Fig. 2B) . Inactivation of PMv-h had a small but insignificant effect on precision grip before the M1 lesion (Fig. 5B ). In contrast, inactivation of PMv-rl impaired precision grip in one of the two monkeys examined, suggesting that there are individual differences in the contribution of this area to precision grip in intact monkeys (Fig. 5C) .
During the early postrecovery period, inactivation of either PMv-h or PMv-rl of the ipsilesional hemisphere significantly impaired precision grip in both monkeys examined (Fig. 5 B, C ; Movie 1; Fisher's exact test, p Ͻ 0.01), suggesting that both of these areas are involved in functional recovery of the precision Movie 1. The effects of inactivating an area of the ventral premotor cortex in the ipsilesional hemisphere, in which ICMS elicited movements of hand digits (PMv-h), on performance in the precision grip task.
grip. In contrast, smaller subregions of PMv are involved in functional recovery during the late postrecovery period; inactivation of the ipsilesional PMv-h impaired precision grip in one monkey and inactivation of the ipsilesional PMv-rl impaired precision grip in the other (Fig. 5 B, C; Fisher's exact test, p Ͻ 0.0001). These results are consistent with those obtained from the PET imaging study, in which increased activity was observed in a relatively large area of the ipsilesional PMv during the early postrecovery period, whereas activation of the ipsilesional PMv during the late postrecovery period was restricted to a more local region (Fig.  2 B, C, double arrowheads) .
Although increased activity in the contralesional PMv was shown by PET imaging during the early postrecovery period (Fig.  2B) , neither inactivation of the contralesional PMv-h nor that of the contralesional PMv-rl impaired precision grip during the early postrecovery period (Fig. 6 B, C) . Inactivation of the contralesional PMv-h during the late postrecovery period also had no effect on precision grip in either monkey. Individual differences were observed for inactivation of the contralesional PMv-rl during the late postrecovery period; the treatment affected precision grip in one monkey (Mk-Ki, Fig. 6C ; Fisher's exact test, p Ͻ 0.0001) but not the other. Although the reason for this difference Figure 5A . B, C, Effects of inactivating PMv, in which ICMS elicited movements of hand digits (PMv-h, B) , or the PMv area rostrolateral to PMv-h (PMv-rl, C), on the performance of precision grip. Muscimol injections into the contralesional PMv-rl in the late postrecovery period resulted in a significant deficit in performing the precision grip in Mk-Ki. ***p Ͻ 0.0001 (Fisher's exact test). D, E, Activation during the early postrecovery period (rCBF during the precision grip task; rCBF during the control task) was compared with that during the prelesion stage in each monkey: Mk-Re (D) and Mk-Hw (E). Brain areas with significantly increased rCBF are superimposed on a lateral view of the frontal lobe. F, G, Activation during the late postrecovery period was compared with that during the prelesion stage in each monkey: Mk-Re (F) and Mk-Hw (G). Bottom row, Coronal sections during the late postrecovery period at the level of the dotted lines. During the late postrecovery period, increased activation of the contralesional PMv was observed in Mk-Hw (double arrowhead) but not in Mk-Re. Significance level is given in terms of a Z score represented on a color scale.
is unclear, the PET imaging results also indicated individual differences in the activation of the contralesional PMv during the late postrecovery period; increased activation of the contralesional PMv was observed in one monkey but not the other (Fig.  6 F, G) . Such intersubject variability was less prominent during the early postrecovery period (Fig. 6 D, E) . The contribution of the contralesional PMv to functional recovery during the late postrecovery period may vary because of slight differences in the location and size of the lesion, the behavioral environment after the lesion, or both.
The PPI analysis of PET data for functional connectivity also suggests a compensatory change in brain activity in the perilesional M1. Therefore, we also conducted an inactivation study in M1. Inactivation of M1-h during the early postrecovery period resulted in the impairment of hand movements, as was observed by inactivation before the M1 lesion (Fig. 5 D, E; Movie 2). Inactivation before the lesion and during the early postrecovery period impaired hand movements, including both whole-hand and precision grips. The spread of fluorescent muscimol in monkey M1 suggested that a 1.5 l injection of muscimol inactivated a spherical volume of brain tissue ϳ3-4 mm in diameter, and a 3.0 l injection of muscimol inactivated a spherical volume of brain tissue ϳ5-6 mm in diameter (Fig. 5F ). The present result for the 1.5 l injection is consistent with the results of previous studies, which showed that a 1 l injection of muscimol inactivated a spherical volume of brain tissue ϳ3-4 mm in diameter (Partsalis et al., 1995; Arikan et al., 2002) . Therefore, the 3.0 l of muscimol injected in M1-h after the M1 lesion should spread beyond the lesional area and inactivate the perilesional area, in which topographic maps of both the undamaged hand digit area and areas for other body parts, such as the wrist, shoulder, and face, are included (Fig. 5A) . The observed spread of fluorescent muscimol suggests that the injection muscimol into M1 did not inactivate the PMv and that the injections of muscimol into PMv-h or PMv-rl did not inactivate the perilesional M1. It is possible, however, that the injection of muscimol into the PMv-h of Mk-Ki may have inactivated the face area of M1 because these two subregions were adjacently located in this monkey (Fig. 5A) .
Muscimol injection into the ipsilesional M1-h during the late postrecovery period also impaired precision grip. In contrast to that before the lesion and during the early postrecovery period, however, inactivation during the late postrecovery period did not impair whole-hand grip in either monkey, and the monkeys retrieved the small object by using an alternate grip other than the precision grip ( Fig. 5E ; Movie 2). Therefore, muscimol injection into the M1-h during the late postrecovery period resulted in the impairment of movements that depend heavily on distal digits, such as precision grip while proximal movements remained intact. The area inactivated by the injection probably includes the area rostromedial to the lesion, which is where the peak of the PPI effect was located in the PET imaging (Fig. 4B , white dotted line; the distance from the center of the lesion to the peak of the PPI effect was 3.8 mm, whereas that to the edge of a significant PPI effect was 1.6 mm). Therefore, the results from the PET imaging and pharmacological inactivation studies suggest that functional reorganization of the perilesional area occurred such that the area serving proximal movements came to be involved in distal movements, including precision grip.
Inactivation of contralesional M1 (3 l in a single site) during both the early and late postrecovery periods did not significantly affect performance of the precision grip ( p Ͼ 0.01; data not shown).
Discussion
In the present study, we showed that, following lesioning of the M1 digit area, functional reorganization occurs in the remaining undamaged motor cortex in a time-dependent manner. Among the areas of the remaining undamaged motor cortex, the ipsilesional PMv was shown by both functional brain imaging and inactivation analyses to contribute to the recovery of dexterous hand movements. The present finding is consistent with that of a previous study in squirrel monkeys, which showed changes in the topographic motor representation of PMv after a focal lesion in the hand digit area of M1 (Frost et al., 2003) . The present study further demonstrates functional reorganization associated with the performance of dexterous hand movements in behaving monkeys. The involvement of dorsal premotor cortex in the recovery of hand movements has also been reported in other studies with M1-lesioned monkeys and human stroke patients, both of which showed relatively larger brain damage and incomplete recovery of dexterous hand movements (Liu and Rouiller, 1999; Johansen-Berg et al., 2002; Fridman et al., 2004) . The present PET imaging study, however, did not show prominent changes in this area, although it did indicate that PMv is more involved in the recovery of hand movements than is dorsal premotor cortex, at least when the lesion is confined to the hand digit area of M1. This result is consistent with the notion that PMv is the core constituent of the parietofrontal circuit that underlies dexterous hand movements (Fagg and Arbib, 1998; Rizzolatti and Luppino, 2001) .
The involvement of PMv during recovery after a lesion of the cervical spinal cord was also indicated by our previous studies (Nishimura et al., 2007; Higo et al., 2009) . Although a direct comparison of spinal cord and motor cortex lesions is difficult, common mechanisms for functional recovery may exist because both lesions affect corticomotoneuronal connections that arise from M1, which are thought to be essential for manual dexterity. We note that a number of differences in functional recovery mechanisms may also exist between spinal cord and motor cortex lesions. For example, whereas involvement of the contralesional M1 during functional recovery after a spinal cord lesion was indicated, the results of the present study indicate no such involveMovie 2. The effects of inactivating the hand area of the primary motor cortex (M1-h) of the ipsilesional hemisphere on performance in the precision grip task. The monkey retrieved the object by using an alternate grip other than the precision grip after inactivation during the late recovery stage.
ment of the contralesional M1 in the functional recovery after lesions of M1.
The present study suggests that in addition to the subarea of the ipsilesional PMv, in which ICMS elicited hand movements (PMv-h), the subarea rostrolateral to PMv-h (PMv-rl) also contributes to functional recovery of the precision grip. PMv-rl includes areas F5a and F5c; these areas contain mirror neurons, a type of neuron that is activated when the monkey performs a particular action, such as grasping an object, while observing a similar action being performed by a peer (Fabbri-Destro and Rizzolatti, 2008) . The original function of mirror neurons is presumably to provide visual feedback on the shape of the monkey's own hand during grasping (Oztop and Arbib, 2002) . This feedback system may be reinforced during functional recovery of hand movements.
In contrast to the results of the ipsilesional PMv, inactivation of the contralesional PMv, either PMv-h or PMv-rl, did not impair the precision grip during the early postrecovery period; however, enhanced activity of the contralesional PMv was indicated by PET imaging at this stage. Together, these findings suggest that the increased brain activity in the contralesional PMv was not critically involved in the recovery of dexterous hand movements. Although increased activity in the contralesional motor cortex has been reported in several fMRI studies of stroke patients (Johansen-Berg et al., 2002; Ward et al., 2003; Rehme et al., 2011) , the present results provide important information that increased activity alone does not always indicate involvement in the recovery of manual dexterity.
In addition to the ipsilesional PMv, changes of activity in the perilesional M1 were also shown by PET imaging and PPI analysis. Moreover, the results of our pharmacological inactivation analysis support the idea that the perilesional M1 plays a role in the recovery of manual dexterity. The present study is the first to confirm the appropriateness of using lesions and PPI analysis to address the effective functional connectivity that underlies the plastic response after a local lesion. Whereas both PET imaging and pharmacological inactivation analyses indicated that changes in the ipsilesional PMv were more prominent during the early rather than late postrecovery period, those in the perilesional M1 were rather more prominent during the late postrecovery period. The plastic response in the ipsilesional PMv was identified by enhanced behavior-related activity, whereas that of the perilesional M1 was identified by increased functional connectivity. These findings suggest that multiple steps (and hence neural mechanisms) underlie the functional reorganization and that these steps vary depending on time after the M1 lesion.
We should note that ibotenic acid is a glutamate receptor agonist that produces selective irreversible damage to neurons while leaving glial cells and cerebral vessels intact. Therefore, the neural sequelae induced by an ibotenic acid lesion may be different from those induced by a stroke, a major cause of brain damage in humans, in which occlusion or hematoma of a cerebral vessel occurs. Nevertheless, the mechanisms that underlie functional recovery are thought to be, at least in part, common between them. Further analyses by using animal stroke models will be important in applying the present findings to the development of novel therapies, technologies, or medications to improve the functional recovery of stroke patients.
One of the characteristics of the primate motor cortex is that it is organized into functionally specialized areas that are hierarchically arranged to execute sophisticated movements, such as dexterous hand movements (Tanji, 2001; Dum and Strick, 2002 ). Here we revealed that time-dependent plastic changes in both the remaining primary motor and premotor cortical areas occur after M1 lesion and that these plastic changes are partly involved in functional recovery; PMv, an area distant from the core of the lesion, plays an important role during the early postrecovery period, whereas the perilesional M1 contributes to functional recovery especially during the late postrecovery period. The current results extend our understanding of the brain plasticity that underlies rehabilitative training-induced motor recovery after brain damage.
